SPECIFICATION 

[Electronic Version 1.2.8] 

ASYMMETRIC TIR LENSES PRODUCING 
OFF-AXIS BEAMS 

Cross Reference to Related Applications 

[0001 ] This application claims priority to Provisional Application No. 60/3 1 9,746 

(Attorney Docket No. 3084.002) of Minano et al.. for ASYMMETRIC TIR LENSES 
PRODUCING OFF-AXIS BEAMS, filed 12/2/2002 and is herein incorporated by reference. 

Background of Invention 

[0002] The present embodiment improves upon three previous approaches: two of 
which are set forth in U.S. 5,404,869 and U.S. 5,676,453, both by Parkyn & Pelka. being 
continuations in part of the first, U.S. 4,337,759 by Popovich. Parkyn, & Pelka, which are 
herein incorporated by reference. These patents describe Totally Internally Reflecting 
(TIR) lenses with circular, toroidal, or cylindrical symmetry that produce output beams 
normal to an-exterior surface. . - . _ _ 

[0003] The prior devices disclosed in U.S. 5,404.869, U.S. 5,676,453, and U.S. 

4,337,759, incorporated herein by reference, have outputs that are inherently aligned 
with a system axis of symmetry. Previously, slanted beams required an external means, 
typically auxiliary external faceting, which has the disadvantages of dust collection. 
Increased device thickness, non-conformity with any adjoining exterior surface, and lost 
lens efficiency. 
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Summary of Invention 

[0004] The present invention advantageously addresses tlie needs above as well as 

other needs by providing variations of a plurality of totally internally reflecting lenses 
which produce off-axis beams through a smooth surface* The present embodiment is a 
system generally comprising a radiant energy transmitting body means, an asymmetric 
transparent (ens that employs a precise internal faceting design, and a smooth e}cternal 
surface. 

[0005] 

In one embodiment, for example, a lens utilizes total internal reflection (TIR) 
in conjunction with refraction In order to efficiently gather and redirect electromagnetic 
radiation Into a desired off-axis solid angle, e.g. off normal to the exterior surface. The 
embodiment described above comprises left and right deflecting halves and an 
asymmetric internal facet struaure, wherein each Internal facet is Individually tilted. In 
another embodiment, a lens having a rim angle greater than 90^ efficiently gathers and 
redirects electromagnetic radiation Into an off-axis angle by means of a bilaterally 
asymmetrical TIR lens wherein both lateral surfaces and internal facet struaure are 
slanted at an angle away from the exterior surface normal. In yet another embodiment, 
a lens efficiently gathers and redirects electromagnetic radiation into an off-axis angle 
by way of a circular TIR lens comprising a rim angle greater than 90®, rings of facets, 
and a tilted lens profile such that a horizontal view of the lens would reveal a bilaterally 
asymmetrical TIR lens. In any configuration, the lens of the present embodiment has a 
smooth exterior surface and Is capable of emitting a beam that is significantly off-axis. 
The described examples have substantial benef its-over prior-art tenses, including a 
great range of applications wherever illumination lenses must be conformal with a 
smooth surface and yet still produce off-axis output beams aimed at a particular target 
zone or in a particular set of directions away from surface normal. 

Brief Description of Drawings 

[0006] The above and other aspects, features and advantages of the present 

invention will be readily apparent from the following more particular descriptions 
thereof, presented in conjunction with the following drawings wherein: 

[0007] FIG. 1 is a perspeaive view of a linear TIR lens; 

[0008] FIG. 2 Is a cross-section of the lens from FIG. 1 ; 
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[0009] FIG. 3 Is a cross-section of a flat exterior-surfaced, bilaterally symmetrical 

TIR lens showing rim angle oc; 

[001 0] FIG. 4 is a cross-section of a flat exterior-surfaced, bilaterally symmetrical 

TIR lens with external linear refractive facets Installed to produce an off-axis beam (this 
represents the previously known method of generating off-axis beams, which requires a 
non-smooth exterior on a prior-art TIR lens); 

[001 1] FIG. 5 shows a Type I bilaterally asymmetrical off-axis TIR lens, with right 

and left halves both deflecting light rightwards through deflection angle 

[001 2] FIG. 6 shows another Type I off-axis TIR lens, but with a different facet 

design than in FIG. 5; 

[001 3] FIG- 7 shows a cross section of a linear asymmetric Type I TIR lens producing 

a 1 0° beam deflection, including a central refractive lens; 

[001 4] FIG. 7a is a ray trace of the linear asymmetric Type I TIR lens of FIG. 7; 

[001 5] FIG. 8 shows a cross-section of a linear asymmetric TIR lens producing a 20^ 

beam deflection; 

[001 6] FIG. 8a is a ray trace of the linear asymmetric TIR lens of FIG. 8; 

[001 7] FIG. 9 shows a cross-section of a linear asymmetric TIR lens producing a 20** 

beam deflection, including negative draft angles in the right half of the lens, leading to a 
much more split-level profile than the lens In FIG. 6; _ _ - _ 

[001 81 FIG, 10 is a cross-seaion of a circularly symmetric Type II TIR lens with rim 

angle beyond 90°; 

[001 91 FIG, 1 Oa is a dose-up of the outermost facet of the TIR lens of FIG. 1 0; 

[0020] FIG. 1 Ob shows a ray trace of the outermost facet of FIG. 1 0a, including 

pertinent angles; 

[002 1 ] FIG. 1 1 is a cross-section of a pair of Type II asymmetric TIR lenses; 

[0022] FIG. 1 2, 1 2a and 1 2b depict an anamorphic Type II asymmetric TIR lens in 

various embodiments; and 

[0023] FIG. 1 3 and 1 3a depict a Type III off-axis TIR lens. 



3 



[0024] Corresponding reference characters indicate corresponding components 

throughout the several views of the drawings. 

Detailed Description 

[0025] The following description of the presently contemplated best mode of 

practicing the invention is not to be taken in a limiting sense, but is made merely for the 
purpose of describing the general principles of the invention. The scope of the 
invention should be determined with reference to the claims, 

[0026] The problem addressed by the present embodiment is how to produce an 

off-axis beam with a TIR lens while retaining a smooth exterior surface and without the 
requirement of a second lens. The present embodiment overcomes the limitations of 
the prior art lenses, which cannot deliver an off-axis beam without the installation of 
additional deflection means or additional lenses on their surfaces. This external 
auxiliary deflector limits the range of applications of the TIR lens. 

[0027] The output beam of a TIR lens will generally share Its symmetry. Most 

pertinent to the present embodiment, TIR lenses with a smooth exterior surface will 
typically emit beams centered about the normal to that surface. Slanted output beams 
require additional deflection means, such as linear refraaive facets, to be installed on 
the external surface. 

[0028] - - External Fresnel faceting in the form of linear grooves will deflect light 

towards their upward slope. As defleaions approach a practical limit of 30' (for the 
typical refraaive index In the range 1.4-1.7), the finite size of the light source increases 
the risk of internal reflection trapping light within the lens body. Unlike with the 
teachings of the present embodiment, deflections greater than 30' are completely 
unattainable by a single refraction. 

[0029] The present embodiment generally comprises an asymmetric transparent 

lens that employs a precise internal faceting design. This lens utilizes total internal 
reflectance (TIR) in conjunction with refraction in order to concentrate and redirect 
elearomagnetic radiation at a desired deflected angle from exterior surface normal (i.e. 
off-axis). Radiant energy (i.e. light) is redirected to or from a predetermined zone or 
zones wherein such redirection has a predetermined degree of concentration. 

[0030] The lens of the present embodiment has a smooth exterior surface and is 

capable of emitting a beam that is significantly off-axis, e.g. off normal to the exterior 
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surface. This has substantial benefits over prior art lenses, including a great range of 
applications wherever lenses must be conformal with a smooth surface and yet still 
produce off-axis output beams aimed at a particular target zone or in a particular 
direction away from surface normal. Examples are automotive and aircraft lighting that 
must be flush to a curved surface. The lens of the present embodiment can be adapted 
to such curvature by compensating alterations in the local deflections produced at each 
exit point, resulting in the same beam as would be produced by an uncurved lens. 

[0031] In order to meet this need for conformal off-axis TIR lenses, the present 

embodiment applies a fundamental tilt to either individual facets or to the lens's 
symmetry as a whole, and/or by increasing the rim angle above 90 degrees (90*) by 
virtue of a precise geometrical design of the outermost facet. These features yield 
significant improvement by offering the versatile new capability of off-axis beams from 
a TIR lens with a smooth exterior surface. 

[0032] The present embodiment can be subdivided Into three types of interior- 

faceted lenses (herein Type I, Type II and Type ill, respectively), two of them cylindrical 
(having linear symmetry), and one circular (having off-axis rotational symmetry). All 
three types produce a well-formed beam exhibiting a substantial deflection angle from 
the surface-normal of Its exterior, the exterior being advsuitageously unfaceted. The 
slant of the output beam is primarily due to the interior tilt of the facets, which are 
either tilted individually or tilted via a tilt of the system axis. This facet tilt angle Oi is 
within the medium of the lens, so that Snell's law will amplify it into an even greater 
external deflection angle 82 in accordance with the formula, 82 = sin-^ ((ni/n2) * sin 80 
where ni = index of refraction of the lens material and n2 = Index of refraction of the 
exterior medium (air. n2 « 1). For example, a 30* lens tilt with an ni/n2 ratio of 1 .5 will 
generate about a 49* deflection of the output beam". The output beam will be somewhat 
broadened in the plane of the deflection, also in accordance with Snell's law, making it 
slightly elliptical. The most common optical plastic is acrylic, with n = 1 .492, while the 
tougher polycarbonate has n = 1 .592, and the automotive-lens material ABS has n = 
1.54. 

[0033] With Type I lenses, deflection up to 30' is easily attainable. With Type ll/III 

lenses, deflections of 45' are easily attainable while still retaining beam fidelity, and 
deflections up to 60' are possible. Attempts at high defleaions (60* or more) risk 
trapping some of the light by unwanted total Internal reflection at the external surface, 
especially with a linear TIR lens, where most of the flux from the source is out of plane. 
However, a 60' deflection angle is roughly twice those attainable through refraction by 
the external Fresnel faceting required in the prior art. 

[0034] The Type I asymmetrical TIR lens is a linear lens formed by combining half of 

a converging TIR lens O.e. a first half f the lower surface of the TIR lens) with half of a 
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diverging TIR lens (i.e. a second half of tlie lower surface of the TIR lens). All the facets 
on each half have the same output angle, so their rays are parallel (I.e., off-axis 
collimation). As the tilt angle increases, however, this approach can lead to a split-level 
iens because the two sides have different profile heights. 

[0035] For output beams with larger deflection angles, e.g. deflection angles greater 

than about 30*, an approach is needed to avoid this spltt-profile effect. The Type II 
asymmetrical TIR lens does not require such a split profile. Instead, a bilaterally 
symmetric TIR lens profile is tilted in its entirety, utilizing a rim angle that goes beyond 
the 90** typical of most TIR lenses. 

[0036] The angle subtended between the focal point (the point where a light source 

is most advantageously placed) and the outermost internal facet is known as the "rim 
angle." Most lenses have a rim angle of 90''becau5e this angle minimizes lens thickness. 

[0037] TIR lenses with a trans-90*'rlm angle are made In accordance with the Type II 

cylindrical TIR lens of the present embodiment using materials of higher refractive index 
(e.g. polycarbonate 1 *59), with the lens profile being sliced horizontally and some facets 
removed to leave an asymmetric lens profile. The tilted beam from this profile is then 
further deflected when refracted by the external, unfaceted surface of the lens. Using 
this design, bend angles of 45* are possible with no loss in beam fidelity. 

[0038] With these linear versions of the above-described embodiment (i.e., Types I 

and II), anamorphic lenses are formed by adding external cylindrical features running 
perpendicular to the interior lens facets. That is, a flat outer surface is altered to form 
transversely running convex protuberances with refractive power. In the situation of a 
continuous linear source such as a tubular fluorescent or neon lamp, it is not possible to 
narrow its Lambertian pattern in the directions parallel to that of the facets. Hence 
external features can do no good. But when the illumination source is a series of 
separated compact sources, such as LEDs, external cylindrical lenses can be centered 
upon them in order to Increase the output candlepower by redireaing light from high 
sagittal angles to low ones. 

[0039] The Type III asymmetrical TIR lens has the same tilted-profile concept as 

does the just-mentioned Type II linear lens, but starting with a circularly symmetric lens 
having a rim angle past 90*. Although circularly symmetric, a horizontal view of the lens 
would reveal a bilaterally asymmetrical TIR lens profile. This profile is tilted and cut by a 
horizontal plane through the source. Via refraction of this slanted beam passing 
through the external surface, this lens forms a collimated beam slanted well away from 
the surface normal. 
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[0040] The smooth exterior surface of the present embodiment enables lumlnaires 

to be conformal (I.e., substantially continuous with and parallel to) with a surface* such 
as the body of a vehicle, while emitting well-formed beams at large angles (easily up to 
45*) to the surface normal. 

[0041] The compactness of TIR lenses enables this innovation to be quife applicable 

to the next generation high-powered light-emitting diodes (LEDs). In general, a TIR 
lens can be added onto a source, such as an LED, thereby greatly increasing its luminous 
directivity and utility. 

[0042] An array of lenses such as those in the embodiments described above can be 

used in coordination to synthesize and concentrate radiant energy beams from LEDs. 
Each L£D could be individually outfitted with a lens, and relatively narrow output beams 
could be synthesized and concentrated by being tilted at varying directions from the 
surface normal, thereby increasing candlepower. 

[0043] The ability to emit off-axis beams is of great significance for all types of 

lighting. A recessed reading lamp or accent light could provide illumination well to the 
side of its position. In vehicular lighting, Its thin profile enables the lens to be mounted 
directly on a vehicle's skin without having to cut expensive mounting holes required by 
conventional reflectors. Styling considerations may situate taillights or running lights 
on surfaces slanted appreciably away from rear-facing, the direaion where their beams 
need to go. The exterior surfaces of these lights must be conformal with the vehicle 
shape, be equally smooth, and direa the beams in the proper rear direction. The ability 
of the present embodiment to produce large-angle off-axis beams allows vehicle lights 
to be conformal to the shape of the vehicle, as its large deflection capability (over 45°) 
enables an array to conform to surface curvature, and by having a distribution of 
coordinated output-beam defleaions to produce a concentrated beam. 

[0044] Referring first to FIG. 1 , a perspective view of a linear TiR lens 1 0 Is shown. 

Shown are a linear TIR lens 1 0, a symmetry axis 1 2, faceted triangular grooves 14, 
totally internally reflecting facets 1 6, and a refractive central cylindrical lens 1 8. 

[0045] The linear TIR lens 1 0 consists of totally internally reflecting facets 1 6 on 

either side of a refractive central lens 1 8, which lies along the symmetry axis 1 2. 
Between the totally internally reflecting facets 1 6 are faceted triangular grooves 14. In a 
functioning linear TIR lens 1 0, all of the output from a light source is directed to the 
totally internally reflecting facets 16 where an output beam of light Is emitted along the 
symmetry of axis 1 2. 

[0046] Referring next to FIG. 2, a cross-section of the linear TIR lens from flC. 1 is 

depicted. Shown are the linear TIR lens 10, a smooth exterior surface 1 1 . totally 
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internally reflecting facets 16, refractive central lens 18, a cylindrical light source 20, a 
planar mirror 22, and a cylindrical reflector 24. 

[0047] The linear TIR lens 1 0 consists of a refraaive central lens 1 8 with totally 

internally reflecting facets 16 on either side. Located behind the refractive central lens 
1 8 is a cylindrical light source 20 which is partially surrounded by a cylindrical reflector 
24. A planar mirror 22 is located behind the length of the linear TIR lens 1 0. In the 
shown linear TIR lens 10, a cylindrical light source 20 emits light which is reflected by 
the cylindrical reflector 24 and a planar mirror 22 towards the refractive central lens 1 8 
and totally Internally reflecting facets 1 6 where an output beam of light is emitted 
through the smooth exterior surface 1 1 . 

[0048] Referring next to FIG. 3, a linear TIR lens with a flat exterior surface is shown. 

Shown are the flat surface linear TIR lens 30, the flat exterior surface 31 , TIR facets 32, a 
central lens 33. a source 34, a rim angle cx relative to central axis 35, and planar 
refleaor 36. 

[0049] The flat topped TIR lens 30 consists of TiR facets 32 on either side of a 

refraaive central lens 33. At the rear of the flat surface TIR lens 30 is a source 34 and 
planar reflector 36. Rim angle a 35 is measured at source 34 and ranges from 0' on the 
axis 35 to 90* where the lens meets planar reflector 36. Although total internal 
reflection allows greater rim angles, especially with materials of higher refractive index 
(e.g. polycarbonate 1.59), lens thickness is at least at the 90' value. 

[0050] Referring next to FIG. 4, a cross-sectional view of a bilaterally symmetric TIR 

lens is shown. Shown are a bilaterally symmetric TIR lens 40. exterior linear faceting 41 , 
circularly symmetric Interior faceting 42, a source 43, a deflected central ray 44, and a 
lens cover 45. 

[0051 ] The bilaterally symmetric TIR lens 40 comprises circularly symmetric interior 

faceting 42 in front of and on either side of a source 43. Instead of a smooth surface, 
the bilaterally symmetric TIR lens 40 has a rough top consisting of exterior linear 
faceting 41 from which comes deflected central ray. The lens cover 45 is oriented in 
such a way that central ray 44 will hit it perpendiculariy. 

[0052] Circularly symmetric lenses cannot deliver off-axis beams by themselves. 

The bilaterally symmetric TIR lens 40 Is shown tilted, which can happen due to design 
constraints. The bilaterally symmetric TIR lens 40 comprises the circularly symmetric 
Interior faceting 42 collimating light onto exterior linear faceting 41 extending in and 
out of the plane of the figure. The exterior linear facets 41 act to deflect light, such as 
exemplary central ray 44, to overcome the tilt of the lens and strike lens c ver 45 In a 
perpendicular fashion. 
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[0053] Referring next to FIG. 5, a Type I Off-axis TIR lens is shown. Shown are an 

asymmetric lens 50, a flat exterior surface 51 . a central axis 52, a left half-lens 53, left- 
half linear TIR facets 46, 47, left-half refractive facets 48, 49. a right half-lens 54, right- 
half linear TIR facets 57 and 58, source 55, and emitted beam angle p 56. 

[0054] The asymmetric lens 50 features the flat exterior surface 51, the central axis 

52 separating the left half-lens 53 and the right half-lens 54, The source 55 lies along 
the central axis 52 and between and behind the left-half lens 53 and the right-half lens 
54. The left-half lens 53 is comprised of the left-half linear TIR facets 46. 47, and the 
left-half refractive facets 48, 49. The right-half lens 54 is comprised of right-half linear 
TIR facets 57, 58. The desired emitted beam is deflected at angle P 56. 

[0055] The desired output-beam deflection Is Indicated by angle ^ 56 which is 

deflected from surface normal vector N on the fiat exterior surface 51 . The left half- 
lens 53 is defined by its output beam crossing the central axis 52, while the right haif- 
lens 54 deflects light away from the central axis 52. The left-half-lens 53 consists of 
left-half linear TIR facets 46 to 47 and left-half refractive facets 48 and 49, spanning 
the full range of source angle oc= 90*^ o 0^ (the latter is parallel to surface normal vector 
N). 

[0056] Referring next to FIG. 6, another Type I Off-Axis TIR lens is shown. Shown 

are a Type I Off-Axis TIR lens 60, a smooth exterior surface 61 , an LED-strip source 62, 
a left^lens 63, a right-lens 64, an output ray 65, an output ray 66, and internal TIR 
faceting 67. 

[0057] The Type I off-axis TIR lens 60 features a left lens 63 flush to a right lens 64, 

and a smooth exterior surface 61 . An LED-strip source 62 lies behind the contact point 
of the left lens 63 and the right lens 64. Both the left lens 63 and the right lens 64 
contain internal TIR faceting 67 from which output rays 65 and 66 are emitted. 

[00581 When light shines from the LED-strip source 62, the internal TIR faceting 67 

of the left lens 63 and the right lens 64, exploits Its large bend-angle capability to 
deliver rays 65 and 66 through the smooth exterior surface 61 into the right half-field 
of direction. 

[0059] Referring next to FIG. 7. a cross-section of a linear asymmetric Type I TIR 

lens capable of producing a 10** off-axis beam is shown. Shown are facets 69, a linear 
asymmetric Type I TIR lens 70, a focal point 71 , a refraaive central lens 72, a left half- 
lens 73, a right half-lens 74, entry faces 75, a tilted lateral surface 76. and a tilted 
lateral surface 77. The focal point 71 is the location for a generating means, preferably 
an LED, but alternatively a compact incandescent source or linear fluorescent lamp. The 
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central refractive lens 72 lies between the left half-lens 73 and the right half-lens 74. 
The entry faces 75 are tilted inwards more than the usual minimum draft angle (such as 
the 2^ entry-face angle shown In FIG. 3). Their tilt is equal to that of lateral surfaces 76 
and 77, and is determined by applying Sneli's law to the lO"" exterior angle of the output 
beam. For example, at refractive index 1 .5, this exterior angle ^ 10* corresponds to 
Interior angle = sln-U(sin 10**)/1.51 = 6.6*. 

[0060] Referring next to FIG. 7a, a ray trace through the lens of Figure 7 is shown. 

Shown are totally Internally reflecting facets 69 (for clarity, labeled only in FIG. 7), a left 
lateral surface 76, a right lateral surface 77, a ray fan 78, and a deflected beam 79. 

[00611 Shown in the ray trace, the ray fan 78 lies centrally and behind totally 

Internally ref/eaing facets 75 which are flanked on either side by the left lateral surface 
76 and the right lateral surface 77. The deflected beam 79 is emitted from faces of the 
totally internally reflecting facets 69. 

[0062] In the ray trace, the ray fan 78 strikes reflective faces of the totally internally 

refleaing facets 69, which are situated between the left lateral surface 76 and the right 
lateral surface 77. From the reflective face, ray fan 78 becomes deflected beam 79. The 
left lateral surface 76 and the right lateral surface 77 are parallel to the ray paths within 
the lens body. 

[0063] Referring next to FIG. 8, a cross-sectional view of an asymmetric linear TIR 

lens capable of producing an output beam with 20"" deflection is shown. Shown are an 
asymmetric linear TIR lens 80, a focal point 81 , left half-lens 82, a right half-lens 83, a 
central lens 84, TIR facets 89, a flat top suri'ace 98, a left lateral surface 85, and a right 
lateral sur^ce 86. 

[0064] The asymmetric linear TIR lens 80 is comprised of the left half-lens 83 and 

the right half-lens 83, with TIR facets 89 on either side of the central lens 84 and the 
focal point 81 , where a light source means such as an LED is situated. Flanking the left 
half-lens 82 is the left lateral surface 85 and flanking the right half-lens 83 is the right 
lateral surface 86. The lateral surfaces 85 and 86 are tilted at the Snell's law angle of 
sin-Ksin 20*')/l .5 = 1 3.2^, by which top surface 98 produces an output beam angle of 
20*. 

[00651 Referring next to FIG. 8a, a ray trace through the lens of FIG. 8 is shown. 

Shown are lateral surface 85, lateral surface 86. ray fan 87, and output beam 88. 

[00661 Shown in the ray trace, ray fan 87 propagates through totally internally 

reflecting facets 89 (for clarity, labeled only In FIG. 8) which are flanked on either side by 



10 



the left lateral surface 85 and the right lateral surface 86. The deflected beam 88 is 
emitted from the flat top surface 98 (for clarity, labeled only in FIG. 8). 

[0067] In the ray trace, the ray fan 87 striices reflective faces of the totally Internally 

reflecting facets 89 which are situated on either side of central cylindrical lens 84 (for 
clarity, labeled only in FIG. 8) and between the left lateral surface 85 and the right lateral 
surface 86. From the reflective face, the ray fan 87 becomes the defleaed beam 88. 
The ray fan 87 is transformed into ZO^'-deflected output beam 88. 

[0068] Referring next to FIG. 9, a 20"" Type I Off-Axis TIR lens with negative draft Is 

shown. Shown are a Type I Off-Axis TIR lens 90, focal point 91 , a left half-lens 92, a 
right half-lens 93, a central lens 94, a lateral surface 95, a lateral surface 96, and 
negative-draft faceting 97. 

[0069] The Type I Off-Axis TiR lens 90 has the focal point 91 and comprises the left 

half-lens 92 (Identical to the left-half lens 82 of FIG. 8), the right half-iens 93 with 
negative-draft faceting 97, the left lateral surface 95 and the right lateral surface 96 at 
an angle of 1 3.2'' in accordance with Snell's Law, and the central lens 94 having a 
negative-draft "cliff* to accommodate the different profile heights of the two half- 
lenses. The right haif-lens 93 has a negative draft angle, 1 3.2^, the same magnitude as 
the positive-draft entry faces of left half-lens 92. For an unjammed mold release, a 
non-orthogonal mold-release direction is shown. This slanted direction is standard 
practice in the molding industry for parts such as this one having internal surfaces that 
would prevent the customary orthogonal direction for extraaing a molded part. 

[0070] Referring next to FIG. 1 0, a circularly symmetric off-axis TiR lens is shown. 

Shown are a circularly symmetric off-axis TIR lens 100. a system axis 1 01. a focal point 

102. interior faceting 103, an outermost facet 104, and an exterior surface 105. 

[0071 ] The circularly symmetric off-axis TIR lens 1 00 is comprised of two outermost 

facets 104, fashioned with a Cartesian-oval entry face, each flanlcing the interior 
faceting 103. The focal point 102 lies along the center axis of the interior faceting 103. 

[0072] The circularly symmetric Off-Axis TIR lens 1 00 is unconventional in that it 

collects rays beyond 90"* from the system axis 1 01 . For output beams with larger 
deflection angles, this approach is needed to avoid this split-profile effect. The angle 
subtended at focal point 102 is the rim angle. Usually such an over-gO"" condition is 
unnecessary, because a minimum lens thickness is achieved at 90"", as exemplified by 
the TIR lens profile of FIG. 3. The Interior faceting 103 comprises facets of different 
widths. The exterior surface 105 is also shown as flat, but convex or concave figuring Is 
possible for final shaping of the output beam. 
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[0073] Referring next t FIG. 1 0a, a close-up of the outermost facet 1 04 is shown. 

Shown are the outernrtost facet 104, a draft-angle face 106, Cartesian-ovai entry face 
1 07, and a total Internal reflection face 108. 

[0074] Referring next to FIG. 1 Ob, a ray trace of the outermost facet from FIG. 1 0a is 

shown. Shown are the total internal reflection face 1 08, ray fan 1 09, upperntost ray 1 1 0, 
lowest ray 1 11 , incidence angle C 1 1 2, Internal angle D 1 1 3, external angle E 1 1 4, and 
inward tilt angle Q 1 1 S of the Cartesian-oval entry face 1 1 6. 

[0075] The maximum rim angle of a TIR lens is a function of the relative position of 

Its outermost facet. The ray fan 1 09 is generated by a source placed at the focal point 
1 02 of Figure 1 0. The uppermost ray 1 1 0 has an angle 1 20* relative to the system axis, 
101 and is totally internally reflected at the top of TIR face 1 08. Lowest ray 1 1 1 has an 
angle 125^ and enters the facet 104 with an external angle E = 125* 90*"+ Q, where Q is 
the inward tilt angle of the Cartesian-oval entry face. This external angle E is refracted 
to internal angle D 1 1 3. followed by total internal reflection at TIR face 1 08, at incidence 
angle C 1 1 2 that must always be larger than the critical angle, sin^>(1 /n), for refractive 
index n. Typically, the maximum practical deflection E-D is about 30°, while the 
deflection by the TIR face Is much larger, 1 SO""- 2C. Ray 1 1 1 continues upward with 
inward angle S (here 8**) from the system axis 1 01 . its originally downward course has 
been turned 1 32**, and it will be deflected even further when it exits the lens. 

[0076] FIG. 1 Ob depicts the ray trace for meridional rays, I.e., those in the plane of 

the paper. They are the only type in Type III circularly symmetric lens facets. For Type II 
lenses, however, the majority of rays are sicew (out of the plane of the lens cross- 
section). Their Incidence angles, corresponding to external angle E In Figure 1 0b, are 
greater, resulting in a smaller Internal angle D and a smaller angle S. This only slightly - 
widens the output beam over that of the circularly symmetric case of Type ill. 

[0077] Referring next to FIG. 1 1 , adjacent identical Off-Axis TIR lenses are shown. 

Shown are a left Off-Axis TIR lens 1 20, a right off-axis TIR lens 1 21 . a left system axis 
1 22. a right system axis 1 23, a left exemplary output ray 1 24, a right exemplary output 
ray 1 25, a left focal point 1 26, a right focal point 1 27, and a contoured exterior surface 
128. 

[0078] The adjacent identical left off-axis TIR lenses 1 20 and right off-axis TIR 

lenses 121 have the entirety of their interior faceting along with their symmetry axes 
1 22 & 1 23 tilted while leaving the exterior surface 1 28 unmoved. The adjacent identical 
left off-axis TIR lens 1 20 and right off-axis TIR lens 1 21 have a left system axis 1 22 and 
a right system axis 1 23 that are substantially tilted (28*") and parallel The refraaed left 
output ray 1 24 and the refracted light output ray 125 are shown at about a 45** angle, a 
capability unprecedented in the prior art (as exemplified in FIG. 6). The source light lies 
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at the left focal point 1 26 and the right focal point 1 27 of the lenses, so that large 
(1 20"*) output rays 1 24, 125 are essential to this robustly tilted off-axis output. The 
exterior surface 1 28 is shown contoured to enhance unif rmity, but could equally well 
be flat, or gradually curved for a conformal-lens application. This cross-section Is 
equally applicable to linear (Type II) and circular (Type III) configurations. 

[0079] For linear lenses, light-emitting diodes (LEDs) are situated on the focal line of 

the lens. If they are densely packed thereupon, they approximate a continuous source, 
so that the output of the linear lens is uncontained in the longitudinal direction. When 
there are fewer LEDs, however, their separation permits a cylindrical lens to be placed 
over each LED on the outer surface of the TIR lens, running perpendicular to the axis of 
the linear TIR lens beneath It. 

[0080] The determining parameter is the ratio of LED separation to lens height. The 

greater the separation, the larger the fraction of the source's radiation will shine on each 
cylindrical lens. A cylindrical lens with the ratio S of half-width to height will collect the 
fraction F = 2(S/(1 +5^) + tan-'S)/B. 

10081] Thus if S = >5 then F = 0.55. while for S = 1 , F = 0.82. a majority of the 

output. The rest of the light will hit an acUacent cylindrical lens, either to be internally 
reflected or refracted far out of the main beam. 

[0082] FIG. 1 2 depias a cutaway view from above of anamorphic Type II linear TIR 

lens 1 30 with convex top-surface cylindrical lenses 1 31 , left facets 1 32, a transverse 
cylindrical lens 1 33, right facets 1 34, and a Lambertian disc source 1 35, one of many on 
the focal line of TIR lens 130. Each source 135 radiates into the cylindrical lens over It. 
which gathers its light into a longitudinally narrower pattern. Not shown ar 
walls, or the transparent medium of the lens. This lens is identical in form to that of 
FIG. 8, and will have its off-axis output beam slanted transversely to the right. FIG. 1 2a 
shows a view from below of the same lens, with multiple discrete sources 1 35, each at 
the center of a lens 131. Each source 1 35 has a corresponding convex lens 1 31 above 
It to gather skew rays and reduce their skewness to increase output intensity. 

[00831 The disc sources shown here are schematic, representing any source 

producing only upward-going light, although such a Lambertian disc source is 
commercially available such as the Luxeon package from the Lumileds company. 

[0084J FIG. 1 2b shows a longitudinal cross-section of the same lens, with multiple 

sources 135 shown encapsulated In domes 136 on circuit board 137. Transverse lenses 
1 31 are comprised of three lens-sections of different radii. Lower section 1 39 has 
radius of curvature of 6mm, middle section 140 with 4mm, and upper section 141 with 
2mm. The spacing of chips 1 35 equals lens width 1 38 of 5mm. This particular 
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combination of radii acts to fuiriil the intensity prescription for automotive daytime 
running ligiits. 

[0085] FIC. 1 3 depicts a cutaway view of Type lit TiR iens 1 50, showing the 

elliptical-cylinder shape of cutaway sidewall 1 51 . Facets 1 52 terminate at the bottom 
plane 1 53. Central lens 1 54 shares the tilt of system axis 1 55, which passes centrally 
through it, as well as through focal point 1 56. It Is readily apparent that construaion of 
a mold for this lens would involve the customary rotational turning of the circular shape 
of the interior of facet grooves 1 52, then cutting away all material below plane 1 53. The 
cavity corresponding to elliptical-cylinder sidewall 151 could, of course, not be formed 
rotationally, unlilce the case with the circular symmetry of prior-art on-axis TIR lenses. 
FIG, 1 3a shows the same lens 1 50 seen from below, with focal point 1 56 shown as 
located on system axis 155, which passes centraJly through convex central lens 154, but 
with bottom plane 1 53 removed for clarity. Faceted grooves 1 52 can be seen to have 
circular symmetry about axis 1 55. 

[0086] The optical action of lens 1 50 is the same as for lens 80 in Figure 8a. Rays 

from the source will propagate out to the lens facets, to be redirected into a slanted 
beam that is refracted by the top surface into a greater external slant. 
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